Objective: ''Patient-prosthesis mismatch'' (PPM) after aortic valve replacement (AVR) has been reported to increase morbidity and mortality. Although algorithms have been developed to avoid PPM, factors favouring its occurrence have not been well defined.
Introduction
The phenomenon of ''patient-prosthesis mismatch'' (PPM) after aortic valve replacement (AVR) has recently gained great interest. PPM is defined as a small orifice area of the aortic valve prosthesis in relation to the body surface area (BSA) [1, 2] . It has been shown to be associated with worse hemodynamic function, faster degeneration of bioprosthetic prostheses [3] , and less regression of left ventricular hypertrophy. In addition, an impaired exercise capacity and increased occurrence of arrhythmias has been reported to be associated with PPM [4] . A recent meta-analysis of 34 observational studies published in the European Heart Journal showed a significant reduction in overall and cardiacrelated long-term survival for patients with PPM after AVR [5] .
Despite a growing body of evidence linking the presence of PPM with adverse outcome, conditions favoring its occurrence have not been well defined. The description of such conditions, however, is of great importance given that PPM is a potentially modifiable risk factor. In theory, PPM is thought to occur for two reasons. First, patients with aortic valve disease frequently exhibit annulus calcification and fibrosis as well as left ventricular hypertrophy, and these pathologic processes can reduce the size of the aortic annulus. Second, the prosthesis inserted within the aorta has its own structural support that may create a relative obstruction to flow [6] . Narrowing of the effective orifice area (EOA) of the valve in conjunct with an unchanged transvalvular flow, which, at rest, is largely determined by BSA results in elevated transprosthetic pressure gradients.
In the present work, we evaluated the impact of patient-related parameters, such as aortic annulus diameter, left ventricular hypertrophy, body size, age and gender, as well as the influence of prosthesis type on the occurrence of PPM. In a cohort of consecutive patients referred to aortic valve replacement for isolated severe aortic stenosis (AS), PPM patients were older, more 
Methods

Study design
This was an observational single center study performed at the outpatient clinic for valvular heart disease of the Medical University of Vienna. Between January 1999 and January 2005, consecutive patients diagnosed with isolated severe AS subsequently referred for conventional AVR who agreed to participate were enrolled. Patients were not randomly assigned to receive valves of a particular size or type. Prosthesis choice was exclusively upon the discretion of the treating surgeon in accordance with current recommendations [7, 8] . To study potential predictors of PPM, clinical, echocardiographic, and operative data were prospectively collected in a computerized database.
Reference EOA values for each size and model of prosthesis used in our study population have previously been published [9] and are summarized in Table 1 . According to published data [9, 10] , PPM was diagnosed if EOA indexed to the patients BSA was # 0.8 cm 2 /m 2 .
Ethics statement
All data were collected prospectively. According to the study design (non-interventional, purely observational study) written informed consent was not demanded. Verbal agreement of the patients to participate was documented in the medical records. The ethics committee of the Medical University of Vienna approved the present study ''Ergebnisse nach Herzklappenoperationen'' (engl. ''Results after Heart Valve Surgery'').
Inclusion criteria
Patients were referred to AVR, if they suffered from isolated severe AS (peak velocity $4 m/s and mean pressure gradient $40 mmHg in the presence of normal left ventricular function, calculated valve area ,1.0 cm 2 ) and presented with symptoms (exertional dyspnea $ functional NYHA class II and/or exertional angina pectoris $ functional CCS class II and/or syncope) or with reduced left ventricular function (ejection fraction #50%) when asymptomatic. Patients with a need for additional coronary artery bypass grafting (CABG) at the time of aortic valve replacement were not excluded from the study. However, those who were primarily referred to surgery for CABG and additionally received an aortic prosthesis for non-severe AS were not enrolled. Patients with more than mild concomitant aortic regurgitation were also excluded.
Patient evaluation
The following baseline data were collected: age, gender, weight and height. Further assessment at study entry included medical history, physical examination and transthoracic echocardiography with Doppler measurements. All left ventricular (LV) and aortic measures were quantified according to current recommendations [11] . Echocardiographic studies were performed by board certified physicians in the echo laboratory of the Division of Cardiology of the Medical University of Vienna, using high-end scanners, such as Siemens Acuson Sequoia and GE Vivid 5 and Vivid 7.
Statistical analysis
Comparison of baselines variables was done by comparison of means (T-test) or by comparison of frequencies (Chi-square test).
Kaplan-Meier estimates were used to calculate 2, 4, 6, 8, 10, and 12-year survival rates. Differences between survival curves were analyzed using log rank test from PROC LIFETEST. Differences in these and all other tests were considered significant at p # 0.05.
To identify factors influencing prosthesis size (model 1) or EOA/BSA (model 2), separate simple regression models were calculated. All co-variables that showed a significant influence (p,0.05, 2-sided) on the main target variable (prosthesis size in model 1 or EOA/BSA in model 2) were included into a multiple regression model with backward selection.
The following influence variables were considered: Metric: age, BSA (only model 1), valve area by the Doppler continuity equation, mean pressure gradient across the stenosis, aortic annulus diameter, LV wall thickness, LV diameter, aortic root diameter measured at the sinotubular junction Dichotomous: gender, mechanical or biological valve replacement As part of the main target variable (EOA/BSA), BSA was excluded from the analysis in model 2.
For sensitivity analysis, simple and multiple logistic regression models with backward selection were performed for the binary outcome variable PPM defined as EOA/BSA # 0.8 cm 2 /m 2 , accounting for the same influence factors as shown above. No interactions were included in the model.
To investigate correlations between influence variables, Pearson correlation coefficients and univariable tests were performed.
Statistical analysis was performed using SAS 9.1 for Windows (SAS statistical software, SAS Institute, Cary, NC, USA).
Results
Baseline characteristics
361 patients fulfilled the inclusion criteria, of those 75% underwent isolated AVR and 25% received AVR with CABG. A majority of patients received bioprosthetic valves (n = 261), and 100 patients mechanical valve prostheses. Table 1 lists demographic characteristics of study patients according to prosthesis type and size. Patients with bioprosthetic valves were significantly Postoperatively, 172 patients (48%) were diagnosed with PPM, which was predictive of long-term survival (Figure 1 ). Table 2 compares baseline characteristics of patients with and without PPM. On an average, patients with PPM were older, had higher BSAs and were predominantly female. As expected, they had smaller aortic annulus and aortic root diameters, smaller LVs and a higher degree of left ventricular hypertrophy. A significantly higher proportion of PPM-patients could be identified among bioprosthetic valve carriers (145 out of 261, 56%) than among patients with mechanical valve prostheses (27 out of 100, 27%, p,0.0001).
Determinants of prosthesis size
Clearly, EOA increases with increasing valve size [12] [13] [14] [15] [16] [17] [18] [19] . Therefore, our first aim was to identify local anatomical structures that may limit the size of valve implants. In the univariable analysis (Table 3) , a series of anatomical structures, including the aortic annulus diameter, aortic root diameter measured at the sinotubular junction, LV diameter as well as the mean pressure gradient and aortic valve area were found to be associated with prosthesis size. Other parameters related to prosthesis size were age, BSA and gender. In the multivariable model (Table 3) , only aortic annulus diameter, aortic root diameter, LV dimension and gender were found to be determinants of prosthesis size.
Determinants of patient-prosthesis mismatch
The following parameters were found to be associated with smaller EOA/BSA values in the univariable analysis (Table 4) : advanced age, female gender, smaller aortic annulus and aortic root diameters as well as smaller LV diameters, and finally, the presence of a bioprosthetic valve. In the multivariable model (Table 4) There was a significant correlation between aortic root diameter and all other continuous influence variables, explaining why the latter lost their predictive value in the multivariable model (correlation with age: r = -0.37, p,0.0001; with aortic annulus: r = 0.50, p,0.0001, with LV diameter: r = 0.28, p,0.001). Also gender showed a strong correlation with type of prosthesis (Chi square test: p,0.0001) and aortic root diameter (t-test: p,0.0001) and did not enter the final model. Figure 2 illustrates the relation between PPM, the aortic diameter at the sinotubular junction and the type of prosthesis. Inclusion of a multiplicative interaction term between type of prosthesis and aortic root diameter into the multivariable model confirmed a differential impact of mechanical and biological valve prostheses (p = 0.092) on PPM occurrence. For an increasing aortic root diameter, PPM can be avoided to a larger extent by the use of mechanical valves as compared to bioprosthetic valves.
Discussion
The issue of choosing an appropriate aortic prosthesis for an individual patient has received growing attention over the recent years. Particularly, the phenomenon of ''patient-prosthesis mismatch'' and its impact on morbidity and mortality after AVR has intensively been studied [5] . Although the importance of an adequately sized aortic prosthesis for operative and long-term outcome has been pointed out, factors favouring undersizing have not been studied systematically.
To identify determinants of prosthesis size and PPM, we studied a cohort of 361 consecutive patients undergoing AVR for isolated severe AS. In line with current literature that estimates PPM prevalence between 20% and 70% [1] , approximately one half of our patients were affected (Table 2 ). Our main findings were that beyond local geometric dimensions, including diameters of the aortic annulus, aortic root and LV, female gender [20] was associated with smaller valve implants (Table 3) . However, the likelihood of PPM occurrence was only determined by prosthesis type and the diameter of the aortic root at the sinotubular junction (Table 4) .
Our data support previous recommendations on the use of mechanical valve prostheses to avoid PPM. For a given external valve diameter, conventional stented bioprosthetic valves will have smaller internal diameters and smaller EOAs, when compared with mechanical prostheses or stentless valve models [1] . Based on risk and benefit of mechanical versus bioprosthetic valves, current practice guidelines recommend the use of bioprosthetic valves in patients over the age of 65 years and in those who do not wish to take oral anticoagulation. Prosthesis type choice in our series was in adherence with current guidelines [8] . As a reflection of current surgical practice, only a minority of bioprosthetic valve carriers in our cohort had received a stentless valve (23 out of 261, 9%). In fact, this number was too small to yield statistically or clinically relevant conclusions with respect to PPM prevention in this specific subgroup.
The second predictor of PPM in our model was the aortic root diameter measured at the site of sinotubular junction. Surprisingly, the dimension of the aortic annulus, which is the major determinant for sizing of aortic prostheses, failed to predict PPM in the multivariable model. As an explanation we found a strong correlation between the diameters at the aortic annulus and those Although not independent from other aortic segments, the sinotubular narrowing may have an additional impact on the choice of graft size and PPM. Adhering with the established technique of aortic valve replacement, the ascending aorta is usually incised 1 to 2 cm above the sinotubular junction. After excision of the native aortic valve, the aortic valve graft is advanced trough the incised aorta, and after passing through the sinotubular junction it is sutured to the supraannular plane. Anatomically, the dimension of the sinotubular junction may become a bottleneck that hampers the passage of the aortic valve graft and limits prosthesis size [7, 8] . Nevertheless, aortic root enlargement propagated to prevent moderate PPM is currently not recommended as standard procedure, given prolonged aortic clamp times and increased operative mortality [21] [22] [23] . However, transcatheter aortic valve implantation (TAVI) may be an alternative in such cases, because prosthesis size is not limited by the aortic root diameter in this type of procedure.
A higher frequency of female patients with PPM has been reported in many studies from Europe, the US, Canada and Japan [5] . In accordance, we found 58% of female but only 36% of male patients (p,0.001) developing PPM. While in the univariable model female gender was clearly a predictor of PPM, it lost its influence in the multivariable model. This is explained by the fact that, on an average, women had smaller aortic root diameters than men (30.564.7 mm versus 35.364.2 mm, p,0.0001) and were more likely to receive bioprosthetic valves (156 (82%) versus 105 (62%), p,0.0001). Thus, anatomical and age-related factors rather than female gender itself seem to be associated with PPM.
Limitations
Presented data have been collected in a single center setting. Therefore, a center-specific bias cannot be excluded, and all results and conclusions should be interpreted with caution. However, the major advantages of limiting data collection to a single center are 1. inclusion of a homogenous patient population, 2. adherence to a constant clinical routine, 3. constant quality of echocardiographic work-up and 4. constant surgical quality over a time-period of six years. Furthermore, the present study was dedicated to a specific subgroup of patients, namely those who underwent AVR for isolated severe AS. We are therefore unable to draw any conclusions on PPM occurrence in patients undergoing AVR for other reasons.
Our results may be influenced by a large proportion of patients who received bioprosthetic models with small EOA. It cannot be excluded that the use of bioprosthetic valves with larger EOAs may have yielded other results. Furthermore, the use of many different vales types with different hemodynamic properties limits the interpretation of the data.
Only 8 patients underwent aortic root enlargement. However, more complex surgical procedures to avoid PPM like aortic root enlargement put patients at additional risk by prolonging aortic clamp time and cardiopulmonary bypass time [21, 24] . It has also been shown that aortic annulus enlargement increases operative mortality [21, 25] . Despite its limitations, this is the first study that systematically analysed patient-as well as prosthesis-related parameters as potential determinants of PPM occurrence.
Conclusions
From a clinical perspective, in particular female patients are at increased risk for PPM. This is explained anatomically, by the fact that they have smaller aortic roots, and demographically, by the fact that they are older when undergoing AVR and are therefore more likely to receive bioprosthetic valve grafts.
At present, the issue of PPM cannot be resolved by TAVI, where PPM rates of 18-35% have been reported [26, 27] . Furthermore, the natural history of calcified aortic valve leaflets that are compressed and displaced during the TAVI procedure is still unknown. Another unresolved issue is the serious problem of moderate to severe periprosthetic leakage after TAVI. However, it depends on future development whether TAVI will possibly overcome these technical and anatomical limitations and finally reduce PPM rates [28] . One should also bear in mind that the diagnosis of PPM may result from high echo gradients that cannot always be reproduced by invasive hemodynamics. Currently, novel sutureless bioprostheses with optimized hemodynamic performance seem to be a promising alternative to conventional bioprosthetic valves [25] .
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